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Abstract
Background: The schistosome blood flukes are complex trematodes and cause a chronic parasitic
disease of significant public health importance worldwide, schistosomiasis. Their life cycle is
characterised by distinct parasitic and free-living phases involving mammalian and snail hosts and
freshwater. Microarray analysis was used to profile developmental gene expression in the Asian
species, Schistosoma japonicum. Total RNAs were isolated from the three distinct environmental
phases of the lifecycle – aquatic/snail (eggs, miracidia, sporocysts, cercariae), juvenile (lung
schistosomula and paired but pre-egg laying adults) and adult (paired, mature males and egg-
producing females, both examined separately). Advanced analyses including ANOVA, principal
component analysis, and hierarchal clustering provided a global synopsis of gene expression
relationships among the different developmental stages of the schistosome parasite.
Results: Gene expression profiles were linked to the major environmental settings through which
the developmental stages of the fluke have to adapt during the course of its life cycle. Gene
ontologies of the differentially expressed genes revealed a wide range of functions and processes.
In addition, stage-specific, differentially expressed genes were identified that were involved in
numerous biological pathways and functions including calcium signalling, sphingolipid metabolism
and parasite defence.
Conclusion: The findings provide a comprehensive database of gene expression in an important
human pathogen, including transcriptional changes in genes involved in evasion of the host immune
response, nutrient acquisition, energy production, calcium signalling, sphingolipid metabolism, egg
production and tegumental function during development. This resource should help facilitate the
identification and prioritization of new anti-schistosome drug and vaccine targets for the control of
schistosomiasis.
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Background
Schistosomiasis afflicts ~200 million people in 76 coun-
tries [1]. The disease is caused by infection with blood
flukes of the genus Schistosoma  and depending on the
invading species, is characterised clinically by chronic
hepatic and intestinal fibrosis, portal hypertension, anae-
mia and calcification of the urinary tract. The parasitic
worms have a complex developmental cycle that involves
infection of freshwater intermediate molluscan hosts and
the blood stream of mammals (Figure 1). Schistosome
infection results from direct contact with fresh water con-
taminated by free-swimming larval forms of the parasite
known as cercariae. Cercariae penetrate human skin, shed
their tails, releasing schistosomula which enter capillaries
and lymphatic vessels en route to the lungs. After several
days, the male and female juvenile worms migrate to the
portal venous system, where they mature and unite. Adult
worm pairs then migrate to the veins of the intestines, in
the case of Schistosoma mansoni and S. japonicum, or the
bladder with S. haematobium. Egg production commences
four to six weeks after infection and continues for the life
of the worm – usually three to five years. Eggs pass from
the lumen of blood vessels into adjacent tissues, and
many then pass through the intestinal or bladder mucosa
and are shed with the faeces or urine. The life cycle is com-
pleted when the eggs hatch, releasing miracidia that, in
turn, infect specific freshwater snails. After two asexual
generations within the snail, mother followed by daugh-
ter sporocysts, cercariae are released.
Schistosomes undergo dramatic changes in gross mor-
phology and cellular composition and specialization dur-
ing their transition from free-swimming cercariae in
freshwater to mature adult worms, which reside in the
ostensibly inimical environment of the mammalian host
blood stream [2]. In previous microarray studies, several
The complex lifecycle of Schistosoma japonicum involves distinct free-living and parasitic stages (see text for details) Figure 1
The complex lifecycle of Schistosoma japonicum involves distinct free-living and parasitic stages (see text for 
details). The numbers indicate the seven developmental stages investigated by microarray and real time PCR analysis.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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hundred cDNAs from S. japonicum and S. mansoni [3,4] or
a few thousand [5] oligonucleotides based on S. mansoni
sequences, were used to identify sex-, developmental
stage- and strain-specific genes, providing a clear indica-
tion of the value and power of microarray analysis for
studying the biology of schistosomes. A subsequent study
[6] examined 3,088 contigs or singletons across seven life
cycle stages of S. mansoni early liver worms, adult worms,
eggs, daughter sporocysts, cercariae, and day 2 and day 7
schistosomula produced by mechanical transformation of
cercariae followed by in vitro culture. A new 22,575 feature
60-mer microarray was deployed to investigate gene
expression patterns between and within discrete Chinese
and Philippine strains of S. japonicum [7] and to demon-
strate stage-associated gene expression between mature
adult worms and lung schistosomula from amplified S.
japonicum  mRNAs [8]. Recently, [9] investigated gene
expression profiles in cercariae, sporocysts, mechanically
transformed schistosomula and paired male and female
adult worms of S. mansoni. Other methods have also been
successfully employed to investigate gene expression
changes in schistosomes, including the use of serial anal-
ysis of gene expression (SAGE) to study S. mansoni [10]. In
the present study, we deployed a custom designed oligo-
nucleotide microarray to profile gene expression through-
out the development of S. japonicum, the Asian blood
fluke, with hybridizations of RNAs from seven develop-
mental stages of the parasite – lung stage schistosomula,
4-wk-old immature female and male worms, sexually
mature male and female worms, eggs, miracidia, sporo-
cysts and cercariae. The findings of this study establish
baseline transcriptional information of the developmen-
tal biology of this important human pathogen, and iden-
tified stage-specific, differentially expressed genes
involved in numerous biological pathways and functions
including calcium signalling, sphingolipid metabolism
and parasite defence.
Results
Filtering of microarray data to identify stage enriched 
genes
All microarray hybridisations were performed in triplicate
with normalisations and filtering of data performed using
GeneSpring GX. Normalised data were filtered for each
replicated data point for each of the 38,444 probes
(19,222 contigs) on the schistosome microarray (Addi-
tional file 1). Data points were filtered to preserve signals
that were flagged during the feature extraction process as
Present or Marginal in all hybridisations; this resulted in
the retention of 7,132 probes (4,371 contigs). Next,
ANOVA applied to the data identified 6,465 probes
(4,104 contigs) differentially expressed due to transcrip-
tional changes throughout the S. japonicum lifecycle.
A final cut-off was applied to the microarray data generat-
ing lists of genes that were ≥ 2 fold (relative to the median
intensity) in each lifecycle stage; these combined lists con-
sist of 4,443 probes/3263 genes represent stage-enriched
gene transcripts. These lists comprised of a subset of 1,782
unique genes or contigs, and were subjected to further
annotation or in silico characterisation. The numbers of 2
fold or 5 fold or higher enriched genes for each individual
developmental stage or lifecycle grouping is summarised
in Table 1 (individual lists are available as Additional file
2). Examples of differentially expressed genes for each life-
cycle stage are presented in Table 2.
Hierarchal clustering to provide overview of 
developmental changes
Hierarchal clustering was employed to investigate gene
expression profiles in each developmental stage. Figure 2
is a heat-map that presents the hierarchal clustering per-
formed on genes, identified by ANOVA, with clustering
for both gene and developmental stages; in Figure 2, up-
regulation is shown in red, down-regulation in green,
whereas the black lines indicate absence of up- or down-
regulation. As could be predicted, based on the marked
changes in morphology and the discrete environmental
changes encountered by the different developmental
stages, there were clear differences in transcription (up or
down regulation) among the ~6,500 probes examined.
For example, considerable enrichment of gene expression
was evident in the egg compared with the miracidial stage
(Figure 2; Table 1). Among the developmental stages, four
prominent clusters of up-regulated genes were evident
these were in (1) aquatic and snail stages, (2) adult female
worms [with corresponding down-regulation in males],
(3) adult female worms [with no down-regulation in
males], and (4) adult males.
Blast2Go and gene ontology analysis to provide overview 
of functions and process
The 1,782 genes that were identified as being enriched 2
fold in any given lifecycle stage were subjected to protein
translational blast and gene ontology (GO) batch analy-
sis. This presented a further overview of the gene ontolo-
gies that are modulated during the S. japonicum lifecycle;
two of the three major categories, Biological Process and
Molecular Function, are presented in Additional file 3.
This information was used to supplement the already
known GOs based on nucleotide sequence previously
published [11]. To gain a more complete overview of the
GO categories that are modulated during the S. japonicum
lifecycle we used the software ErmineJ to correlate this
extended list of GOs with microarray fold change data.
Presented in Figure 3 are the prominent GOs associated
with the lifecycle. In the Biological Processes category
were developmentally expressed genes involved in cellu-
lar or primary metabolism, cellular communication andBMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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biosynthesis, while outstanding among the Molecular
Function category were developmentally regulated genes
involved in the binding of proteins, nucleotides, nucleic
acids and enzymes such as hydrolases and transferases.
During development of S. japonicum genes in the GO cat-
egory of Biological Processes were most frequently
involved in metabolism whereas those categorised within
Molecular Functions were most frequently involved in
binding and enzyme activity. These trends were, in gen-
eral, similar to the GO findings observed previously in
EST transcriptome studies of both S. japonicum [12] and S.
mansoni [13].
Examples of KEGG pathways identified by BLAST2GO
analysis, ie pathways that contain multiple genes involved
in metabolism/anabolism are presented in Supplemen-
tary Figures 2-4. Genes within the Pentose Phosphate, Cal-
cium Signalling and Sphingolipid Metabolism pathways
were expressed at higher levels in several of the S. japoni-
cum lifecycle stages. These included genes encoding fruc-
tose-bisphosphate aldolase (Contig8868), sarcoplasmic
reticulum ATPase calcium pump (Contigs 3653, 4586),
and sphingomyelin phosphodiesterase (Contig7899).
Microarray findings are supported by real time PCR
NADH-ubiquinone reductase was selected as a house-
keeping gene for real time PCR analyses as this gene was
constant in all 39 microarray hybridisations performed. A
subset of 10 differentially expressed genes, representative
for each of the life cycle stages examined, were subjected
to verification by real time PCR (Figure 4). The majority of
genes that were shown differentially expressed by the
microarray analysis correlated well with the results
obtained by real time PCR. Figure 4 outlines the 10 genes
examined by real time PCR (bar graphs) and presents also
the corresponding microarray signal detected (underlying
heat map bar).
Genes within clusters identified by hierarchal clustering
Examples of genes upregulated in the aquatic/snail lifecy-
cle stages included a gene encoding an anti-inflammatory
protein Sj16 (Contig7172) which was enriched (11-fold
upregulated) in cercariae, eggs (49-fold upregulated),
miracidia (38-fold upregulated) and sporocysts (13-fold
upregulated); it was also enriched in lung stage schisto-
somula (13-fold upregulated). A homologue
(Contig8558) of the Schistosoma mansoni calcium-binding
calmodulin was also upregulated in several stages, includ-
ing eggs (99 fold), miracidia (73 fold) and sporocysts (4
fold). Genes encoding putative dynein proteins were dif-
ferentially expressed in the aquatic/snail stages including
Sm10 (Contig714) which was upregulated in eggs (32-
fold), miracidia (20-fold) and sporocysts (80-fold);
Sj21.7 (Contig2186) mirrored this expression pattern
with gene expression enriched in eggs (24-fold), miracidia
(17-fold) and sporocysts (5.6-fold). Genes involved in
mitochondrial-linked energy metabolism were upregu-
lated predominantly in eggs and the motile cercariae with
other aquatic/snail stages also enriched for these genes.
Examples of enriched mitochondrial genes included
Contig8754 and Contig7759 encoding cytochrome c oxi-
dase subunit I and cytochrome c oxidase 3, respectively.
Table 1: Number of upregulated genes in S. japonicum determined by ANOVA.
Normalised Intensity/Median Intensity of All Stages
2 fold 5 fold
Lifecycle Stage Probes Genes Probes Genes
Eggs 1312 931 136 103
Miracidia 399 306 195 162
Sporocysts 327 244 95 78
Cercariae 899 629 106 72
All Aquatic/Snail Stages 80 62 11 9
Lung Schistosomula 366 296 133 117
Juvenile Males 102 81 35 27
Juvenile Females 197 149 45 39
Adult Males Combined weeks 6–7 307 217 70 54
All Males Parasites + juvenile 79 62 21 16
Adult Females combined weeks 6–7 241 184 54 47
All Females Parasites + juvenile 138 106 47 42
Total 4447 3267 (1782) 948 766
The intensity for each development stage was normalised to the median intensity of all the developmental stages examined for each gene, thus 
providing a relative fold change. The number of probes or genes enriched 2- or 5-fold is presented. The 1782 value in parenthesis in the Total row, 
refers to the number of non-redundant genes enriched 2-fold or higher.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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Table 2: Some of the highly enriched transcripts from the different developmental stages of S. japonicum.
Lifecycle Stage Probe Nucleotide Description/Protein Homology Fold Δ
Egg Contig7259 /SJCHGC02876/aquaporin 9 100.91
Contig8558 S. mansoni calcium-binding protein/calmodulin 99.13
Contig7271 S. mansoni anti-inflammatory protein 16/SJCHGC05573 49.15
Contig3014 solute carrier family 37 (glycerol-3-phosphate transporter) 2.35
Contig7936 S. mansoni eukaryotic translation initiation factor 2 2.30
Contig4628 A. thaliana dynamin-like protein 6 (ADL6). 2.07
Miracidium Contig1657 ,/insulin-like peptide receptor ilp-r 79.25
Contig714 S. mansoni for Sm10 protein/dynein light chain 2 19.99
Contig7933 S. mansoni calponin homolog,/SJCHGC02977 18.55
Contig5142 solute carrier family 7 (cationic amino acid) 16.25
Contig3311 monocarboxylate transporter 12.58
Contig8754 cytochrome c oxidase subunit i 2.76
Contig4272 S. japonicum for serine-enzyme/---NA--- 2.03
Sporocyst Contig714 S. mansoni for Sm10 protein/dynein light chain 2 79.73
Contig6889 S. japonicum clone ZZZ32/plexin domain containing 2 27.99
Contig5142 SJCHGC04289/solute carrier family 7 member 8 8.48
TC16140 pyruvate kinase 3.55
Contig8948 ribosomal protein s14 3.02
Contig5652 udp-glucose dehydrogenase 2.95
Contig1610 ribosomal protein l31 2.54
Contig6944 leucine zipper-ef-hand containing transmembrane protein 1 2.02
Cercaria Contig8837 S. japonicum clone ZZD363/glutamine synthetase 11.12
Contig5222 S. japonicum thioredoxin,/mgc80314 protein 8.73
Contig6136 Canis familiaris endothelin B receptor/SJCHGC09785 7.27
Contig5932 o-linked n-acetylglucosamine transferase 4.13
Contig1574 /NADH dehydrogenase subunit 5 [Strongyloides stercoralis] 3.69
Contig7759 S. japonicum cytochrome c oxidase 3 3.11
Contig7070 actin binding1b 2.71
Contig4282 dynamin 1 2.49
Contig4204 /cytochrome c oxidase subunit III [Siphonodentalium lobatum] 2.43
Contig690 /Cytochrome C oxidase, mono-heme subunit [Shewanella denitrificans ] 2.34
Contig8895 S. japonicum actin mRNA, complete cds/actin 2.32
Contig6947 amp-activated protein kinase 2.26
Contig7330 S. japonicum cytochrome C oxidase copper chaperone 2.23
Contig3578 protein phosphatase 1b magnesium-beta isoform 2.12
Contig1640 esterase a 2.06
Contig1629 histone deacetylase 3 2.06
TC17311 glycogen synthase kinase 3 alpha 2.00
Lung Schistosomula Contig4998 /ef-hand calcium binding protein 9.68
Contig7933 S. mansoni calponin homolog,/SJCHGC02977 5.37
Contig7060 S. japonicum polyubiquitin (UBC) 4.23
Contig6917 secretory carrier membrane protein 2 3.90
TC17030 centrin 3 3.87
Contig6538 S. japonicum for paramyosin,/paramyosin 3.27
Contig7916 calreticulin 2.46
Contig6517 S. mansoni heat shock protein 70 2.40
TC14572 synaptojanin 1 2.05
Juvenile Male TC13825 SJCHGC01839/glioma pathogenesis-related protein 8.82
Contig4272 S. japonicum for serine-enzyme/---NA--- 5.00BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
Page 6 of 19
(page number not for citation purposes)
Enrichment of these two genes occurred in eggs (3 & 5.6
fold), miracidia (2.2 & 2.3 fold), sporocysts (2.7 & 1.2
fold) and cercariae (3.4 & 3.1 fold).
Adult female S. japonicum expressed high levels of a suite
of genes reflecting well recognised biological functions
associated with this stage. These included genes involved
in iron metabolism including ferric-chelate reductase 1
Contig8395 S. mansoni 200 kDa surface protein,/SJCHGC09596/ 3.30
Contig8253 thymosin beta 2.79
Contig8718 glycosyltransferase 1 domain containing 1 2.37
Contig8946 S. japonicum fatty acid binding protein 2.21
Contig8017 annexin a7 2.02
Juvenile Female TC9476 putative ferredoxin reductase; Mesorhizobium loti/ 58.52
Contig7517 SJCHGC00284/epididymal secretory protein e1 10.47
Contig8731 S. japonicum clone ZZD10/SJCHGC06317/cd63 antigen 6.36
Contig5142 solute carrier family 7 (cationic amino acidy+ system)member 8 5.27
Contig2104 valosin containing protein 2.57
Contig7465 adenylosuccinate synthase like 1 2.49
TC11333 DNA mismatch repair protein MSH2 – African clawed frog 2.29
Contig5394 novel transmembrane amino acid transporter protein 2.26
Contig3981 thioredoxin peroxidase 2.09
Adult Male Contig7688 S. japonicum dynein light chain 3 (DLC3) 13.31
Contig7484 S. japonicum clone ZZZ342/cd38 antigen 10.26
Contig4443 solute carrier family 1 (glial high affinity glutamate transporter) 6.01
Contig8927 S. japonicum clone ZZZ66/SJCHGC00511/cathepsin f 4.85
Contig7921 S. japonicum cathepsin B endopeptidase/cathepsin b 4.57
Contig4208 H. sapiens clone RP11-124P23/SJCHGC05752/paramyosin 4.27
Contig4684 /SJCHGC01577/annexin 5 3.75
Contig7122 S. mansoni tegumental antigen (Sm8)/SJCHGC00665 3.54
Contig8822 S. japonicum actin 3.30
Contig8859 myosin heavy chain 3.24
TC7585 fimbrin {S. mansoni}, complete 3.19
TC17273 alkaline phosphatase 3.18
Contig2404 sperm associated antigen 6 2.49
Contig8527 solute carrier family 2 (facilitated glucose transporter)member 5 2.37
Contig6302 clathrin coat assembly protein ap19 2.31
Contig1963 S. mansoni glutathione S-transferase 2.20
Adult Female Contig5142 SJCHGC04289/solute carrier family 7 member 8 11.85
Contig8731 S. japonicum clone ZZD10/SJCHGC06317/cd63 antigen 9.39
Contig7312 /SJCHGC05381/transmembrane 9 superfamily member 2 5.40
Contig7830 /SJCHGC02408/ferric-chelate reductase 1 3.94
TC8025 ribosomal protein s27-like 3.74
TC11576 ribosomal protein l37 3.59
TC7041 ribosomal protein l7a 3.32
Contig7888 folate-binding protein 1 3.31
TC14195 60s ribosomal protein l39 3.25
Contig8147 S. mansoni receptor for activated PKC 3.06
Contig2978 microtubule associated serine threonine kinase-like 2.69
TC11333 DNA mismatch repair protein MSH2 – African clawed frog 2.60
Contig7235 calmodulin 2.52
TC7616 60s acidic ribosomal protein p2 2.46
Contig8062 phosphogluconate dehydrogenase 2.36
Contig1324 copper chaperone 2.35
TC12062 glucosidase 1 2.15
Contig3791 asparagine-linked glycosylation 6 homolog 2.10
Contig8420 arginase ii 2.03
Table 2: Some of the highly enriched transcripts from the different developmental stages of S. japonicum. (Continued)BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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Hierarchal clustering by gene and developmental stage Figure 2
Hierarchal clustering by gene and developmental stage. Four clusters of up-regulated genes were identified: 1, 
Aquatic/snail stages; 2 and 3, Adult female worms; 4. Adult male worms. Gene expression is shown in the heat map as up-reg-
ulated (Red) down-regulated (Green) or no change (Black). E, eggs; M, miracidia; S, sporocysts; C, cercariae; L, lung schisto-
somula; F4, juvenile females; M4, juvenile males; F6, F6.5, F7, adult female worms analysed at 6, 6.5 and 7 weeks post-cercarial 
challenge; M6, M6.5, M7, adult male worms analysed at 6, 6.5 and 7 weeks post-cercarial challenge.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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Gene Ontology (GO) analysis showing the correlation between GO categories and microarray expression data calculated  using ErmineJ software Figure 3
Gene Ontology (GO) analysis showing the correlation between GO categories and microarray expression data 
calculated using ErmineJ software. The GO annotations with parent-child analysis are presented on the left. Contribu-
tions to each of the categories from each lifecycle stage (2-fold or higher gene expression) are shaded. The overall number of 
genes in each category represented on the microarray and the correlation p-value associated with the entire lifecycle are 
shown on the right. NA, the parent category is significant but a child category is not. Genes expressed in adult parasites from 
weeks 6–7.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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Validation of selected transcripts in different developmental stages of S. japonicum Figure 4
Validation of selected transcripts in different developmental stages of S. japonicum. The real time PCR analysis is 
presented as bar graphs and is shown in copy number for each gene and stage. The corresponding microarray gene expression 
data are presented below the bar graphs as heat maps, with up-regulated genes shown in red, down-regulated genes shown in 
green and unchanged genes shown in black. E, eggs; M, miracidia; S, sporocysts; C,: cercariae; L, lung schistosomula; F4, juvenile 
females; M4, juvenile males; F6, F6.5, F7, adult female worms analysed at 6, 6.5 and 7 weeks post-cercarial challenge; M6, M6.5, 
M7, adult male worms analysed at 6, 6.5 and 7 weeks post-cercarial challenge.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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(Contig7830, 3.9 fold) and a putative ferredoxin reduct-
ase (TC9476, 134 fold). Transporters were also enriched
including Contig5142 (solute carrier family 7, 11.8 fold),
Contig7944 (sodium-dependent amino acid transporter,
3.8 fold), TC8509 (solute carrier family 25, 2.7 fold),
Contig5284 (solute carrier family member b1, 2.6 fold)
and Contig3928 (novel protein vertebrate udp-galactose
transporters, 2.5 fold). Multiple ribosomal genes were
over expressed (Table 2) reflecting the high protein
requirements of the female worm associated with egg pro-
duction.
Notable genes upregulated in adult male S. japonicum
were those involved in molecular transport including
Contig4443 (solute carrier family 1, 6 fold) and
Contig8527 (glucose transporter protein GTP1, solute car-
rier family 2, 2.4 fold). Other genes enriched in adult
males included the endopeptidases cathepsin B
(Contig7921, 4.6 fold) and cathepsin F (Contig8927, 4.8
fold); components of vesicle mediated transport for both
endocytosis-clathrin coat assembly protein ap19
(Contig6302, 2.4 fold), adaptin-related protein 2
(TC7859, 2.6 fold) and exocytosis-syntaxin 16
(Contig7586, 1.5 fold). Genes involved in carbohydrate
metabolism and glycolysis, including glycosyltransferase
1 (Contig8718, 4.1 fold) and pyruvate dehydrogenase
(Contig4093, 2.7 fold), were also enriched. Further exam-
ples of enriched genes for each of the lifecycle stages
examined are presented in Table 2.
Comparison of lifecycle stages
Principal component analysis (PCA) was employed to
establish relationships of the gene expression profiles
among the different developmental stages of S. japonicum.
The PCA demonstrated clearly that stages that were tem-
porally related (e.g. sporocyst to cercaria) exhibited simi-
larities in gene expression (Figure 5). In general, the
developmental stage expression profile, based on PCA,
clustered into three major groupings: (1) adult males, (2)
adult females, and (3) aquatic and snail stages comprising
eggs, sporocysts and cercariae. Furthermore, a clear
change of transcript profile was evident within the male
and female adult worms, as the females mature from pre-
egg laying to egg-laying status at four to six weeks post-
infection of the mammalian host. By contrast, the schisto-
somulum (mammalian lung) and miracidium (ciliated,
free-living aquatic larva) did not display obvious associa-
tions or grouping with any of the other stages.
Gene expression profiles for 7 week-old adult males of S.
japonicum  examined by PCA and ANOVA analysis
revealed limited variation between biological replicates, ie
worms obtained and examined from independent infec-
tions at different times (not shown). This was also the case
when pools of biological replicates of adult male worms
were analysed (n = 4) (not shown). After filtering the data
initially for flags, 10,765 probes were further filtered for
ANOVA. At the default settings, no genes were identified
as being significantly variable (p-value = 0.05) between
biological replicates; only 27 genes were identified as var-
iable after increasing the error cut-off rate to 18% (the rate
at which the identified genes would be expected to pass
the restriction by chance). This indicated that a very low
level of variation in gene expression occurred between
biological replicates resulting from parasite samples
obtained from separate infections.
Discussion
Microarrays provide a powerful platform to monitor
developmental changes in the transcriptome of an organ-
ism and a foundation for studies of gene regulation and
proteomics analysis [14]. This study provides and com-
pares the baseline transcriptional levels of the majority of
genes in discrete developmental stages of Schistosoma
japonicum including those within the definitive (eggs, lung
schistosomula, juvenile and adult male and female
worms) and intermediate (sporocysts) hosts as well as the
aquatic, free-swimming miracidia and cercariae. Gene
transcription studies of many metazoan parasites, includ-
ing the schistosomes, have been disadvantaged because
these pathogens cannot be maintained in culture and/or
are only available in limited quantities for analysis. The
deployment of gene microarrays can help obviate these
challenges since only small quantities of scarce microbial
tissues are required for preparation of targets for microar-
ray analysis.
Our findings present the first global overview of differen-
tial gene expression among the major developmental
stages of this schistosome. The final fold cut-off was
applied to the microarray data, thus generating lists of
genes that were ≥ 2 fold (relative to the median intensity)
in each lifecycle stage; these combined lists consist of
4,443 probes/3263 genes representing stage-enriched
gene transcripts. We choose this arbitrary level due to its
general acceptance in many other similar microarray stud-
ies. However it is known that statistical variability is pri-
marily chip specific [14,15], and the selection of a fold
change of ≥ 2 can be related back to previous experiments
with the same chip [7], thus providing confidence in our
findings.
As illustrated in Figures 2 and 3, similarities and relation-
ships were apparent in the gene expression of several of
the developmental stages. In particular, gene expression
profiles were more similar within the 4, 6, 6.5 and 7 week
old adult parasites, although there was an apparent
change in expression from week four (pre-egg laying in
female worms) to week six onwards (after the commence-
ment of egg release). This similarity in gene expressionBMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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likely reflects parasitism of the mammalian blood vessels
by the schistosome and the discrete differentiation and
development of the males and females [4,7,16,17]. The
eggs, sporocysts and the cercariae also shared similarities
in gene expression profiles. These similarities likely reflect
adaptations to the aquatic environment and parasitism of
the snail host, but are somewhat surprising in regards to
the eggs, given that these were recovered from mouse liv-
ers.
Principal component analysis of the ANOVA showing an overview of differentially expressed genes in the different develop- mental stages of S. japonicum analysed Figure 5
Principal component analysis of the ANOVA showing an overview of differentially expressed genes in the dif-
ferent developmental stages of S. japonicum analysed. E, eggs; M, miracidia; S, sporocysts; C,: cercariae; L, lung schisto-
somula; F4, juvenile females; M4, juvenile males; F6, F6.5, F7, adult female worms analysed at 6, 6.5 and 7 weeks post-cercarial 
challenge; M6, M6.5, M7, adult male worms analysed at 6, 6.5 and 7 weeks post-cercarial challenge.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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It is not straightforward to compare the present findings
with the earlier reports of microarray-based gene expres-
sion in schistosomes given that many of the previous
investigations focused on S. mansoni. Nonetheless, we
have been able to make some general comparisons,
including demonstration of the sex-specific nature of
some important developmental changes in S. japonicum.
For example, upregulated gene transcription for S-trans-
ferase SM28 antigen (TC10486) [Contig6578 (glutath-
ione s-transferase, 1.7–2 fold), dynein 8 kDa light chain
flagellar outer arm (TC8189) (8 kDa outer arm dynein
light chain 1.8–2.3 fold) and TC10493 Cathepsin B1 iso-
type 1 (3.2–4.0 fold) was evident in adult male worms.
Similar enrichment of these genes was shown in sporo-
cysts and adults of S. mansoni [9] but, as we separately
investigated the sexes of adult S. japonicum, we were able
to show that this up-regulation was male-specific.
However, a direct correlation of small subset of probes
originally designed from S. mansoni EST and present on
both microarrays (TC probes) was possible. Additional
file 4 shows that of the 20 TC probes which had data from
S. japonicum and S. mansoni, only 5 probes could be corre-
lated as up-regulated to the same lifecycle stages for both
species (shaded in the Table). This comparison highlights
the difficulty of inter-species comparisons using microar-
ray technology, a limitation that is compounded by the
lack of complete genomes for both S. japonicum and S.
mansoni and the absence of comprehensive bioinformat-
ics comparisons at the genomic level. However, the cur-
rent study of S. japonicum has provided a more
comprehensive overview of the developmental biology of
schistosomes in terms of the coverage of the transcrip-
tome through the size of the microarray used, and also the
number of lifecycle stages examined including separate
adult sexes, in vivo derived lung schistosomula, miracidia
and the juvenile pre-egg producing parasite. Additionally
the study has also used analysis methods to cluster multi-
ple genes to KEGG pathways not applied previously in
schistosome microarray studies. This analysis has further
highlighted stage specific functions and provides insights
into transcriptional changes of schistosome genes
involved in evasion of the host immune response, nutri-
ent acquisition, energy production, calcium signalling,
sphingolipid metabolism, egg production and tegumental
function during development (as is discussed further
below).
A brief description of some of the other genes develop-
mentally expressed in the various lifecycle stages of S.
japonicum follows. Sm16 is an anti-inflammatory glyco-
protein first identified in adult S. mansoni [18] that was
shown by immunoelectron microscopy to be localised in
cercariae in the acetabular glands and in subtegumental
cell bodies packed with membranous vesicles [19]. Sm16
acts as a lipid binding protein that is taken up by mamma-
lian cells via endocytosis and acts within the cytoplasm to
induce apoptosis [20]. IL-1a is stimulated by Sm16 which
via keratinocytes leads to a decrease in the number of lym-
phoproliferative cells that are recruited, presumably dur-
ing the penetration of the mammalian host, by the
invading skin schistosomula [21]. Sm16 may aid S. man-
soni in penetration of the mammalian host [20] and our
results support this hypothesis as the transcript of the S.
japonicum  homologue (Sj16; Contig7172) was 11-fold
enriched in cercariae. However, the microarray and/or
real-time PCR analysis indicated that even higher levels of
the gene were expressed in the egg (49-fold upregulated),
miracidium (38-fold upregulated), sporocyst (13-fold
upregulated), and lung stage schistosomulum (13-fold
upregulated). This expression profile suggests an addi-
tional intra-mammalian role for the product of this gene
perhaps as a defence mechanism against the host immune
system in both the invading cercariae, the lung schisto-
somulum and the egg, which during the chronic stage of
infection induces granuloma formation and fibrogenesis
[22]. The high levels of Sj16 expression in the miracidium
and sporocyst may reflect a role in the penetration of the
molluscan host and in protection of the sporocyst from
snail innate immunity.
The microarray and real time PCR analysis revealed ele-
vated levels of expression of paramyosin (Contig6538) in
the adult male (microarray 2.5–3-fold upregulated) and
the lung schistosomulum (real time PCR 3.7-fold upregu-
lated). These profiles correlate with the well documented
functions for paramyosin in schistosomes as a structural
component of smooth muscle fibres and as an immu-
nomodulator of the host immune response through its
binding to the immunoglobulin Fc region and its inhibi-
tion of complement activation [23-25]. The highly devel-
oped musculature of the adult male [26] supports the
female adult worm in copula. The localisation of paramy-
osin on the surface of the lung schistosomulum [23] was
the first indication of the developmental significance of
the expression of this protein. Immunological and bio-
chemical findings [24,27] have further emphasised the
importance of paramyosin in protecting schistosomes
from immune attack by binding proteins of the comple-
ment pathway [28].
The antioxidant, thioredoxin is present in cercariae, schis-
tosomula, eggs and both male and female adults of S.
mansoni [29]. Thioredoxin is secreted by eggs of S. mansoni
[30], and likely is implicated in granuloma formation
within the liver of the mammalian host [31]. Our gene
microarrays revealed that S. japonicum thioredoxin
(Contig3028) expression was up-regulated in the egg (2.4-
fold), thereby confirming its importance in this stage and
also the adult male (2.6–2.7-fold). The antioxidant prop-BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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erties of thioredoxin would be expected to protect the
schistosome from reactive oxygen species released by host
inflammatory responses
Calponin is a calcium binding protein that inhibits the
ATPase activity of smooth muscle myosin necessary for
long-term contractions. It is expressed predominantly
within the muscle fibres of adult male and female S. japon-
icum [32]. Further localization studies have indicated that
expression also occurs within the stratified muscle of the
tail and smooth muscle of the head region of cercariae
[33]. The current microarray results support these obser-
vations but also showed enrichment of calponin
(Contig7933) in lung schistosomula (5.4-fold) and the
aquatic/snail stages (egg, 12.8-fold; miracidium, 18.5-
fold; sporocyst, 6.2-fold; cercariae, 3.4-fold). This likely
reflects general upregulation of muscle-related genes as
schistosomes have significantly increased muscle deposi-
tion during development [34].
Annexins bind phospholipids in a calcium-dependent
manner and are thought to reduce inflammation via the
suppression of phospholipase A2 in a similar manner to
glucocorticoids [35]. Other predominant functions of
annexins include the organisation of cellular structures,
signal transduction, cellular growth and modulation of
intracellular calcium while acting as atypical calcium
channels [35]. Annexins are a well known component of
the adult schistosome tegument as shown by surface bioti-
nylation and proteomics studies [36]. Our microarray and
real time PCR analysis revealed that annexin
(Contig8017) expression was raised in lung schistosom-
ula (1.3–1.4-fold) and adult males (2-8-3.3-fold) of S.
japonicum. Both of these lifecycle stages would benefit
from the anti-inflammatory properties of annexin due to
the immune response generated in the lungs, and the rel-
atively large number of tegumental proteins present on
the adult male parasite that may incite an immune
response [37].
In contrast to what is currently known regarding calcium
channels in schistosomes, including sub-unit structure,
cellular distribution and interactions with the anti-schis-
tosomal drug praziquantel [38], there is limited knowl-
edge of the biology of potassium channels in these
worms. What is known is that they are localised to the
nervous system and musculature of adult S. mansoni [39].
This is supported by the findings presented here as both
the microarray and real time PCR analysis showed highest
expression (12 fold enriched) of the potassium channel
gene (Contig1637) in adult male S. japonicum, which has
an extensively developed musculature [26].
Sm21.7 has sequence similarity to dynein light chains
(DLCs), it is one of a family of EF-hand containing para-
site proteins and is also a major non-parasite allergen
[40]. Little is known of the function of Sm21.7 but its
transcript was originally shown to be present in the sporo-
cyst, mechanically transformed schistosomulum and
adult S. mansoni [41]. Subsequently, it has been localised
to the adult worm tegument, it is expressed in eggs, adults
and cercariae and is known to stimulate the mammalian
immune system since it is constantly released by eggs
trapped in liver granulomas [40]. Here, the results of the
developmental expression studies on the S. japonicum
homologue, Sj21.7, mirrored in part, the previous studies
on Sm21.7 but transcripts for Sj21.7 (Contig2186) were
enriched predominantly in the egg (24-fold), miracidium
(17-fold) and sporocyst (5.6-fold) with limited expres-
sion in the intra-mammalian stages, possibly indicating
differences in functional expression between the two
schistosome species. Another gene exhibiting a similar
expression profile to Sj21.7, as determined by the micro-
array analysis and real time PCR was Sm10 (Contig714),
being upregulated in eggs (32-fold), miracidia (20-fold)
and sporocysts (80-fold). This gene encodes another DLC
that has been localised to the tegument [37] and is
strongly immunogenic [42]. The microarray analysis sug-
gests that the DLCs of S. japonicum may have a greater
requirement for microtubule motility during the aquatic
developmental stages compared with the intra-mamma-
lian stages. This observation is particularly pertinent since
the highest expression levels of Sm10 were found in mira-
cidia which utilise cilia for locomotion. While Sm10 has
not yet been immunolocalised in the miracidium stage,
there is evidence for a role of dyneins in the cilia and flag-
ella of other mammalian and non-mammalian (C. ele-
gans) systems [43]. Sm10 has homology to members of
the LC8 family of DLCs, of which one member, DYNLL1,
is up-regulated in mammalian testes and lung, two tissues
which have considerable numbers of cilia or flagella
present [44].
The S. japonicum transcript encoding the homologue of
sperm associated antigen 6 (Spag6) (Contig2404) is likely
a component of tubulin structures and was enriched in
both the egg (2.4-fold), the adult stages (1.6–2.6 fold)
and to a lesser extent, juvenile males (1.5-fold). Spag6 is
the murine orthologue of Chlamydomonas PF16, a gene
that is a component of the flagella central apparatus [45],
so the enrichment of this gene in adult male S. japonicum
likely reflects a role in reproduction, probably in sperm
function. Its involvement in eggs is less clear but may
reflect a structural role associated with microtubules and
development of the miracidium.
Sphingolipids represent a class of fatty acids that have
been associated with protection of the cell surface against
environmental stress [46]. This protection is provided
through both mechanical strengthening and enhancedBMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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chemical resistance to the apical membrane of cells.
Sphingolipids have also been implicated in schistosomes
in the formation of caveolae in the apical surface [47].
Regions of the adult S. mansoni tegument have been iden-
tified as detergent-insoluble glycosphingolipid-enriched
membrane domains (DIG) and contain multiple caveolae
structures [47]. We detected three potential homologs rep-
resented by two microarray probes, related to the Sphin-
golipid Metabolism Pathway (SMP) that were up
regulated in adult males and females, lung schistosomula
and eggs (Contig7899 lung schistosomula 2.5 fold, adult
males 3.4 fold; Contig7987 eggs 3.1 fold, adult females
3.0 fold) of S. japonicum (Additional file 5). Glycosphin-
golipids have been identified as components of schisto-
some eggs [48] and are selectively bound by the antigen
presenting cells of the liver by liver/lymph node specific
ICAM-3-grabbing non-integrins [48]. A further role for
sphingolipids in lung schistosomula has been previously
suggested by El Ridi and Tallima [49] who demonstrated
that an equilibrium of these lipids is critical for the selec-
tive absorption of small molecules across the lipid bilayer
while also acting as a defence mechanism through the
exclusion of antibody binding to the schistosome surface.
Six differentially expressed genes were identified as com-
ponents of the Pentose Phosphate Pathway (PPP) (Addi-
tional file 6). These included genes encoding isomerases,
gluconate dehydrogenases and proteins involved in fruc-
tose phosphorylation. The primary role of the PPP is ana-
bolic rather than catabolic resulting in the production of
nucleotides, RNA and DNA, and NADPH for reductive
biosynthesis [50,51]. In addition, the PPP is an alternative
to glycolysis for oxidation of glucose and energy produc-
tion. Elevated expression of these genes was observed in
eggs, miracidia, sporocysts, cercariae and adult female
schistosomes, likely reflecting increased activity of this
pathway (Contig6630 egg 7.9 fold, miracidium 2.7 fold,
sporocyst 2.1 fold; Contig8868 egg 2.0 fold; TC7683 cer-
cariae 2.1 fold; Contig6298 egg 2.4 fold; Contig8062
adult female 2.4 fold). Up-regulation of components of
this pathway may reflect increased metabolism in the
aquatic lifecycle stages where considerable tissue/cellular
remodelling is required. Up-regulation of PPP compo-
nents in the adult female of S. japonicum mirrors the
extensive egg production and considerable cellular syn-
thesis that are prominent biological features of this stage
[52]. Surprisingly these PPP genes were not up regulated
in the juvenile stages (lung schistosomula; liver stage/
paired but immature male/female worms) which develop
significantly in size and complexity. Further characterisa-
tion of PPP components as potential anti-schistosome
drug targets may be rewarding, especially as the pathway
has been targeted for drug development against trypano-
somes and Leishmania  [53,54]. Notably, one of these
trypanosome drug targets is phosphogluconate dehydro-
genase, a gene that was up-regulated in adult female S.
japonicum (Contig8062; 2.4 fold).
Six genes of the Calcium Signalling Pathway (CSP) were
up-regulated in the adult male of S. japonicum, as well as
in the egg, miracidium, sporocyst and cercaria aquatic/
snail stages (Contig7484 adult male 8.9 fold; Contig3653
cercaria 2.3 fold; Contig4586 adult male 3.1 fold; TC7426
egg 2.3 fold; Contig8713 egg 2.03 fold; Contig8558 egg
99.1 fold, miracidium 73.2 fold, sporocyst 4.0 fold)
(Additional file 7). Elevated levels of sarco-endoplasmic
reticulum ATPase (Contig4586 2.7–3.1 fold) in adult
male worms probably reflect their requirements for
increased muscle mass and the recognised importance of
calcium in muscle physiology [55]. Of the other up-regu-
lated CSP genes, those in the egg may be necessary for the
translation of environmental signals to this stage, espe-
cially those required to initiate hatching following its exit
from the mammalian host and its entry into fresh water.
To expand on this, it is known that schistosome egg hatch-
ing requires appropriate regulation of calcium through
calmodulin [56] which was highly upregulated in the egg
and miracidium and also in the sporocyst of S. japonicum
(Contig8558; egg, 71–99 fold; miracidium, 48–73 fold;
sporocyst, 3–4 fold upregulated). Other genes within the
CSP, especially those shown to be up-regulated within the
egg of S. japonicum, may also encode components critical
for hatching and/or other important biological functions
and are worthy of further study.
Conclusion
This report presents global gene expression patterns for
the Asian blood fluke S. japonicum during its developmen-
tal cycle. Individual genes, gene ontologies and pathways
that are modulated during the parasite lifecycle were also
profiled. Using advanced filtering analyses including
ANOVA, principal component analysis, and hierarchal
clustering, we have provided a synopsis of relationships of
gene expression among seven developmental stages of the
schistosome. This represents the most comprehensive
report to date on genes analysed for stage-specific expres-
sion in S. japonicum, indeed, in schistosomes in general,
and should lead to a better understanding of development
and differentiation in these parasites, their interaction
with their mammalian and molluscan hosts, and how
they modify gene regulation to adapt to a complex devel-
opmental cycle involving free-living and parasitic phases.
The work may also provide new insights on schistosome-
induced pathogenesis and has implications for develop-
ing new interventions for future schistosomiasis control.
Indeed, the analyses revealed that gene expression profiles
are linked to the major environmental settings through
which the fluke progresses – from free-living aquatic mira-
cidium, to parasitism of the snail by the sporocyst, to
parasitism of the blood of the mammal by the maturingBMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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and adult schistosomes. As well as facilitating future
research on gene regulation, at large, for a broad range of
organisms with similar complex processes of develop-
ment and differentiation, this resource should facilitate
identification and prioritization of new intervention tar-
gets for the control and treatment of schistosomiasis.
Methods
Lifecycle maintenance and collection of S. japonicum life 
cycle stages
Oncomelania hupensis hupensis snails, infected with a Chi-
nese mainland field isolate (from Anhui Province) of S.
japonicum, were kindly provided by the National Institute
of Parasitic Diseases, CDC, Shanghai. All samples of iso-
lated parasite stages were resuspended in 1 ml of PBS and
stored at -80°C until the total RNA was isolated. Viable
schistosome eggs were obtained from infected mouse liv-
ers by digestion with collagenase B [57]. Eggs were used
either for total RNA extraction or the production of mira-
cidia. Miracidia were hatched and isolated as described
[57]. Miracidia were either stored or used immediately for
the production of sporocysts by incubation in MEMSE-j
medium and maintenance in hypoxia chambers for 48 h
under an atmosphere of 5%O2, 5% CO2, 90%N2 at 27°C
[58,59]. Cercariae were obtained from surface water after
being shed from infected snails exposed for 3 h to a bright
light.
Lung schistosomula were isolated using modifications of
a published procedure [60]. Approximately 1000 cercar-
iae, pooled from several infected Oncomelania snails, were
used to challenge female BALB/c mice. Three days later the
lungs were removed, minced and incubated in RPMI at
37°C for 3 h on a rocker-shaker. The lung tissue solution
was sieved and schistosomula were removed using a fine-
tipped glass pipette. Adult worm pairs were perfused and
separated by sex from female BALB/c mice challenged per-
cutaneously with 30 cercariae of S. japonicum [7] at 4
(immature worms) and 6, 6.5 and 7 (mature, egg-produc-
ing worms) weeks post-infection.
Total RNA isolation
Total RNA was isolated from parasites/free-living stages as
described [61], with care being taken to ensure that all
RNA samples were of high quality and quantity as
assessed by Nanodrop ND-1000 spectrophotometer
(A260/A280 nm ≥1.7 in nuclease-free water) and a Bioan-
alyzer [62].
Microarray construction
The design and construction of the schistosome microar-
ray [11] used in this study was facilitated by the availabil-
ity of transcriptome data for S. japonicum [12] and S.
mansoni [13] which added approximately 160,000 new
schistosome ESTs (Expressed Sequence Tag) to GenBank.
A large proportion of the EST sequences generated still
require characterisation as only 45% of the S. mansoni and
65% of the S. japonicum ESTs showed similarity to
sequences already in GenBank. Nevertheless, the two
datasets likely represent the majority of the transcriptome
of these two schistosome species [13]. The microarray
comprises 19,222 target sequences printed twice from two
independent probe designs, including 12,166 probes
derived from S. mansoni contiguous sequences (contigs)
and 7,056 probes derived from S. japonicum contigs. Vari-
ations to this initial design included the use of a second,
independently formulated probe for each contig. Further
details of the microarray design and the raw data from this
study are presented in Supplementary Tables 1 and 2. Sup-
plementary Information has been submitted at GEO-
Gene Expression Omnibus, http://
www.ncbi.nlm.nih.gov/geo/ accession numbers
GPL7160, GSE12704.
Microarray hybridisation and feature extraction
A 300 ng aliquot of total RNA from each developmental
stage was used to synthesise fluorophore-labelled cRNA
using Cyanine 3-CTP (CY3c) as described (One-Color
Microarray-Based Gene Expression Analysis Protocol; Ver-
sion 5.5, February 2007 Agilent). Samples were purified
using the Qiagen RNeasy kit. Cyanine-labelled cRNA sam-
ples were examined at A260 and A550 using a ND-1000
spectrophotometer to determine yield, concentration,
amplification efficiency and abundance of cyanine fluor-
ophore. Once the concentration had been determined,
1.65  μg aliquots of CY3c were placed in a fresh tube
together with the fragmentation mix (Agilent Technolo-
gies, Santa Clara, USA) and incubated for 30 min at 60°C.
Then, the samples were combined with 2× Gene Expres-
sion hybridization Buffer HI-RPM, mixed and applied to
a gasket slide that was pre-positioned in a hybridisation
chamber (Agilent). The microarray slide was placed probe
side towards the target. The chamber was assembled and
placed in a hybridisation oven and incubated for 17 h at
65°C. After hybridisation the chamber was opened and
the microarray slides were washed using the standard Agi-
lent protocol (Agilent Technologies, USA) and scanned
on an Agilent microarray scanner at 550 nm. Microarray
hybridisations were performed in triplicate for all S. japon-
icum samples; additionally, biological replicates of adult
male worms (collected at week 7) from separate infections
were collected to determine any variation in gene expres-
sion. Microarray slides were scanned using an Agilent
Microarray Scanner (B version). The "tag image format
files" (tiff) produced by the scanner were loaded into the
image analysis program Feature Extraction 9.5.3.1 (Agi-
lent Technologies, USA) to establish standardised data for
statistical analysis. All microarray slides were checked for
background evenness by viewing the tiff image on Feature
Extraction.BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
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Genespring analysis
Feature extracted data were analysed using GENESPRING
software, version 7.3.1 (Agilent Technologies/Silicon
Genetics, Redwood City, CA). Microarray data were nor-
malised using the genespring normalisation scenario for
"Agilent FE one-color" which including "Data Transfor-
mation: Set measurements less than 5.0 to 5.0", "Per
Chip: Normalise to 50th percentile" and "Per Gene: Nor-
malise to median".
Data sets were further analysed using published proce-
dures [63] that consisted of methods related to one-colour
experiments and utilised gProcessedSignal values deter-
mined using Agilent's Feature Extraction software includ-
ing aspects of signal/noise ratio, spot morphology and
homogeneity. ProcessedSignal represents signal after
localised background subtraction and includes correc-
tions for surface trends. Features were deemed Absent
when the processed signal intensity was less than two fold
the value of the processed signal error value. Features were
deemed Marginal when the measured intensity was at a
saturated value or if there was a substantial amount of var-
iation in the signal intensity within the pixels of a partic-
ular feature. Features that were not Absent  or  Marginal
were deemed Present. Data points were included only if
Present or Marginal and probes were retained if all data
points were Present. Analysis of Variance (ANOVA) was
applied to this data using genes with statistically signifi-
cant differences when grouped by lifecycle stage; paramet-
ric test, variances not assumed equal (Welch ANOVA); p-
value cutoff 0.05; multiple testing correction: Benjamini
and Hochberg False Discovery Rate [64]. About 5.0% of
the identified genes would be expected to pass the restric-
tion by chance. Principal Component Analysis (PCA) was
run on conditions ie for each lifecycle stage, using mean
centering and scaling.
Protein blast and gene ontology analysis using Blast2Go
Batch BlastX (6 frame translation protein homology) was
performed at http://www.blast2go.de on al contigs. The
Blast2go website was used to complement gene ontology
and identify multiple genes within the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) metabolic pathway
maps http://www.genome.jp/kegg/. Gene ontology corre-
lations with relative gene expression values were made
using ErmineJ software [65]. Correlations for Biological
Processes and Molecular Functions were made against
microarray data using maximum gene dataset of 100,
minimum dataset of 5 and maximum iterations of
10,000.
Real time PCR
Gene expression patterns of a subset of genes were vali-
dated using real time PCR. Complementary DNA was syn-
thesised from total RNA using a Qiagen QuantiTect whole
transcriptome kit. Forward and reverse primers were
designed from S. japonicum contigs. All cDNA samples
synthesised from aliquots of the same total RNA used for
the microarray hybridizations were diluted to 50 ng/μl,
and quantified using a Nanodrop ND-1000 spectropho-
tometer. Subsequently aliquots of 1 μl were combined
with 10 μl of SYBERs Green, 3 μl of water and 2 μl (5
pmol) of the forward and reverse primers in a 0.1 ml tube.
All reactions were performed on a Rotor-Gene (3000) real
time PCR and analyzed by Rotor Gene 6 Software. In
order to minimise indiscriminate binding of double-
stranded DNA, which can produce readings in the "no
template" controls, separate reverse transcription and PCR
steps were included. NADH-ubiquinone reductase was
employed as a control (house-keeping) gene in the real
time PCR studies [7]. Primer sets used are shown in Addi-
tional file 8.
Availability
Supplementary Information has been submitted at GEO,
accession numbers GPL7160, GSE12704. http://
www.ncbi.nlm.nih.gov/geo/.
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Supplementary Figure 1. 
Filtering of data from triplicate hybridisation of 38,444 probes to 
schistosome transcripts representing 19,222 genes. After filtering for 
"flagged" genes against all hybridisations, 7,132 probes were left, repre-
senting 4,371 genes; a final ANOVA of this dataset retained 6,465 probes 
and 4,104 genes. E, eggs; M, miracidia; S, sporocysts; C, cercariae; L, 
lung schistosomula; F4, juvenile females; M4, juvenile males; F6, F6.5, 
F7, adult female worms analysed at 6, 6.5 and 7 weeks post-cercarial 
challenge; M6, M6.5, M7, adult male worms analysed at 6, 6.5 and 7 
weeks post-cercarial challenge.
Click here for file
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KEGG of sphingolipid metabolism. S. japonicum genes that were 
upregulated in the life cycle stages shown are highlighted in red.
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KEGG of the pentose phosphate pathway. S. japonicum genes that 
were upregulated in the life cycle stages shown are highlighted in red.




Supplementary Figure 4. 
KEGG of the calcium signalling pathway. S. japonicum genes that 
were upregulated in the life cycle stages shown are highlighted in red.




Supplementary Table 4. 
Primer Sets for real time PCR validation of a subset of genes that were 
upregulated in each of the lifecycle stages examined.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-128-S8.xls]BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
Page 18 of 19
(page number not for citation purposes)
20. Holmfeldt P, Brannstrom K, Sellin ME, Segerman B, Carlsson SR, Gull-
berg M: The  Schistosoma mansoni protein Sm16/SmSLP/
SmSPO-1 is a membrane-binding protein that lacks the pro-
posed microtubule-regulatory activity.  Mol Biochem Parasitol
2007, 156(2):225-234.
21. Ramaswamy K, Salafsky B, Potluri S, He YX, Li JW, Shibuya T: Secre-
tion of an anti-inflammatory, immunomodulatory factor by
Schistosomulae of Schistosoma mansoni.  J Inflamm 1995,
46(1):13-22.
22. Wynn TA, Thompson RW, Cheever AW, Mentink-Kane MM:
Immunopathogenesis of schistosomiasis.  Immunol Rev 2004,
201:156-167.
23. Gobert GN, Stenzel DJ, Jones MK, Allen DE, McManus DP: Schisto-
soma japonicum: immunolocalization of paramyosin during
development.  Parasitology 1997, 114(1):45-52.
24. Gobert GN, McManus DP: Update on paramyosin in parasitic
worms.  Parasitol Int 2005, 54(2):101-107.
25. Loukas A, Jones MK, King LT, Brindley PJ, McManus DP: Receptor
for Fc on the surfaces of schistosomes.  Infect Immun 2001,
69(6):3646-3651.
26. Gobert GN, Stenzel DJ, McManus DP, Jones MK: The ultrastruc-
tural architecture of the adult Schistosoma japonicum tegu-
ment.  Int J Parasitol 2003, 33(14):1561-1575.
27. Gobert GN: The Role of Microscopy in the Investigation of
Paramyosin as a Vaccine Candidate against Schistosoma
japonicum.  Parasitol Today 1998, 14(3):115-118.
28. Deng J, Gold D, LoVerde PT, Fishelson Z: Inhibition of the com-
plement membrane attack complex by Schistosoma mansoni
paramyosin.  Infect Immun 2003, 71(11):6402-6410.
29. Alger HM, Sayed AA, Stadecker MJ, Williams DL: Molecular and
enzymatic characterisation of Schistosoma mansoni thiore-
doxin.  Int J Parasitol 2002, 32(10):1285-1292.
30. Cass CL, Johnson JR, Califf LL, Xu T, Hernandez HJ, Stadecker MJ,
Yates JR 3rd, Williams DL: Proteomic analysis of Schistosoma
mansoni egg secretions.  Mol Biochem Parasitol 2007, 155(2):84-93.
31. Asahi H, Stadecker MJ: Analysis of egg antigens inducing hepatic
lesions in schistosome infection.  Parasitol Int 2003,
52(4):361-367.
32. Yang W, Zheng YZ, Jones MK, McManus DP: Molecular character-
ization of a calponin-like protein from Schistosoma japoni-
cum.  Mol Biochem Parasitol 1999, 98(2):225-237.
33. Jones MK, Yang W, McManus DP: Immunolocalization of the
38.3 kDa calponin-like protein in stratified muscles of the tail
of  Schistosoma japonicum cercariae.  Parasitol Int 2001,
50(2):129-133.
34. Bahia D, Avelar LG, Vigorosi F, Cioli D, Oliveira GC, Mortara RA:
The distribution of motor proteins in the muscles and flame
cells of the Schistosoma mansoni miracidium and primary
sporocyst.  Parasitology 2006, 133(Pt 3):321-329.
35. Moss SE, Morgan RO: The annexins.  Genome Biol 2004, 5(4):219.
36. Braschi S, Borges WC, Wilson RA: Proteomic analysis of the
schistosome tegument and its surface membranes.  Mem Inst
Oswaldo Cruz 2006, 101(Suppl 1):205-212.
37. Jones MK, Gobert GN, Zhang L, Sunderland P, McManus DP: The
cytoskeleton and motor proteins of human schistosomes
and their roles in surface maintenance and host-parasite
interactions.  Bioessays 2004, 26(7):752-765.
38. Greenberg RM: Ca2+ signalling, voltage-gated Ca2+ channels
and praziquantel in flatworm neuromusculature.  Parasitology
2005, 131(Suppl):S97-S108.
39. Kim E, Day TA, Marks NJ, Johnston RN, Halton DW, Shaw C, Chen
GZ, Bennett JL, Pax RA: Immunohistochemical localization of a
Shaker-related voltage-gated potassium channel protein in
Schistosoma mansoni (Trematoda: Digenea).  Exp Parasitol 1995,
81(4):421-429.
40. Fitzsimmons CM, McBeath R, Joseph S, Jones FM, Walter K, Hoff-
mann KF, Kariuki HC, Mwatha JK, Kimani G, Kabatereine NB, et al.:
Factors affecting human IgE and IgG responses to allergen-
like Schistosoma mansoni antigens: Molecular structure and
patterns of in vivo exposure.  Int Arch Allergy Immunol 2007,
142(1):40-50.
41. Francis P, Bickle Q: Cloning of a 21.7-kDa vaccine-dominant
antigen gene of Schistosoma mansoni reveals an EF hand-like
motif.  Mol Biochem Parasitol 1992, 50(2):215-224.
42. Kohlstadt S, Couissinier-Paris P, Bourgois A, Bouchon B, Piper K,
Kolbe H, Dessein AJ: Characterization of a schistosome T cell-
stimulating antigen (Sm10) associated with protective
immunity in humans.  Mol Biochem Parasitol 1997, 84(2):155-165.
43. Pfister KK, Shah PR, Hummerich H, Russ A, Cotton J, Annuar AA,
King SM, Fisher EM: Genetic analysis of the cytoplasmic dynein
subunit families.  PLoS Genet 2006, 2(1):e1.
44. Wilson MJ, Salata MW, Susalka SJ, Pfister KK: Light chains of mam-
malian cytoplasmic dynein: identification and characteriza-
tion of a family of LC8 light chains.  Cell Motil Cytoskeleton 2001,
49(4):229-240.
45. Sapiro R, Tarantino LM, Velazquez F, Kiriakidou M, Hecht NB, Bucan
M, Strauss JF 3rd: Sperm antigen 6 is the murine homologue of
the  Chlamydomonas reinhardtii central apparatus protein
encoded by the PF16 locus.  Biol Reprod 2000, 62(3):511-518.
46. Descoteaux A, Turco SJ: Glycoconjugates in Leishmania infec-
tivity.  Biochim Biophys Acta 1999, 1455(2–3):341-352.
47. Racoosin EL, Davies SJ, Pearce EJ: Caveolae-like structures in the
surface membrane of Schistosoma mansoni.  Mol Biochem Parasi-
tol 1999, 104(2):285-297.
48. Meyer S, Tefsen B, Imberty A, Geyer R, van Die I: The C-type lectin
L-SIGN differentially recognizes glycan antigens on egg gly-
cosphingolipids and soluble egg glycoproteins from Schisto-
soma mansoni.  Glycobiology 2007, 17(10):1104-1119.
49. El Ridi R, Tallima H: Equilibrium in lung schistosomula sphingo-
myelin breakdown and biosynthesis allows very small mole-
cules, but not antibody, to access proteins at the host-
parasite interface.  J Parasitol 2006, 92(4):730-737.
50. Wood T: Physiological functions of the pentose phosphate
pathway.  Cell Biochem Funct 1986, 4(4):241-247.
51. Wood T: Distribution of the pentose phosphate pathway in
living organisms.  Cell Biochem Funct 1986, 4(4):235-240.
52. Jones MK, McManus DP, Sivadorai P, Glanfield A, Moertel L, Belli SI,
Gobert GN: Tracking the fate of iron in early development of
human blood flukes.  Int J Biochem Cell Biol 2007, 39(9):1646-1658.
53. Barrett MP, Gilbert IH: Perspectives for new drugs against
trypanosomiasis and leishmaniasis.  Curr Top Med Chem 2002,
2(5):471-482.
54. Hanau S, Rinaldi E, Dallocchio F, Gilbert IH, Dardonville C, Adams MJ,
Gover S, Barrett MP: 6-phosphogluconate  dehydrogenase: a
target for drugs in African trypanosomes.  Curr Med Chem 2004,
11(19):2639-2650.
55. Silva CL, Lenzi HL, Silva VF, Paulo FO, Noel F: Cellular mecha-
nisms involved in the increased contraction of portal veins
from Schistosoma mansoni-infected mice.  Parasitol Res 2003,
89(1):16-22.
56. Katsumata T, Kohno S, Yamaguchi K, Hara K, Aoki Y: Hatching of
Schistosoma mansoni eggs is a Ca2+/calmodulin-dependent
process.  Parasitol Res 1989, 76(1):90-91.
57. Dalton JP, Day SR, Drew AC, Brindley PJ: A method for the isola-
tion of schistosome eggs and miracidia free of contaminating
host tissues.  Parasitology 1997, 115(Pt 1):29-32.
58. Bixler LM, Lerner JP, Ivanchenko M, McCormick RS, Barnes DW,
Bayne CJ: Axenic culture of Schistosoma mansoni sporocysts in
low O2 environments.  J Parasitol 2001, 87(5):1167-1168.
59. Kines KJ, Mann VH, Morales ME, Shelby BD, Kalinna BH, Gobert GN,
Chirgwin SR, Brindley PJ: Transduction of Schistosoma mansoni
by vesicular stomatitis virus glycoprotein-pseudotyped
Moloney murine leukemia retrovirus.  Exp Parasitol 2006,
112(4):209-220.
60. Gui M, Kusel JR, Shi YE, Ruppel A: Schistosoma japonicum and S.
mansoni: comparison of larval migration patterns in mice.  J
Helminthol 1995, 69(1):19-25.
61. Hoffmann KF, Johnston DA, Dunne DW: Identification of Schisto-
soma mansoni gender-associated gene transcripts by cDNA
microarray profiling.  Genome Biol 2002,
3(8):0041.0041-0041.0011.
62. Bustin SA, Nolan T: Pitfalls of quantitative real-time reverse-
transcription polymerase chain reaction.  J Biomol Tech 2004,
15(3):155-166.
63. Patterson TA, Lobenhofer EK, Fulmer-Smentek SB, Collins PJ, Chu
TM, Bao W, Fang H, Kawasaki ES, Hager J, Tikhonova IR, et al.: Per-
formance comparison of one-color and two-color platforms
within the Microarray Quality Control (MAQC) project.  Nat
Biotechnol 2006, 24(9):1140-1150.
64. Reiner A, Yekutieli D, Benjamini Y: Identifying differentially
expressed genes using false discovery rate controlling proce-
dures.  Bioinformatics 2003, 19(3):368-375.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Genomics 2009, 10:128 http://www.biomedcentral.com/1471-2164/10/128
Page 19 of 19
(page number not for citation purposes)
65. Lee HK, Braynen W, Keshav K, Pavlidis P: ErmineJ: tool for func-
tional analysis of gene expression data sets.  BMC Bioinformatics
2005, 6:269.